Along the twentieth century, the electronic properties of bismuth have been widely studied, especially in relation with its magnetoresistive and thermoelectric responses. In this context, a particular emphasis has been made on electronic confinement effects in bismuth nanostructures (or nanobismuth). In the recent years, the optical properties of bismuth nanostructures are focusing a growing interest. An increasing number of reports point at the potential of such nanostructures to support plentiful optical resonances over an ultrabroad spectral range: "interband plasmonic" resonances in the ultraviolet, visible, and nearinfrared; dielectric Mie resonances in mid-and far-infrared; and conventional free-carrier plasmonic resonances in the farinfrared and terahertz. With the aim to provide a comprehensive basis for exploiting the full optical potential of bismuth nanostructures, we review the current progress in their controlled fabrication, the trends reported (from theoretical calculations and experimental observations) for their optical and plasmonic response, and their emerging applications, including photocatalysis and switchable metamaterials.
Introduction
Optical resonances in nanostructures much smaller than the wavelength of light have attracted a broad attention because they allow operating light in small dimensions, for example, allowing efficient harvesting or confinement at the nanoscale [1] . e wavelength of the resonances can be tuned in a static way, by properly engineering the nanostructure composition, shape and size, or a dynamic way through changes in the surrounding medium (its temperature, refractive index, illumination, and so on) [1] [2] [3] [4] [5] [6] [7] .
Nowadays, a wide range of optically resonant nanostructures rely on the excitation of surface plasmons, that is, the collective oscillations of free charge carriers. Based on the surface plasmon resonances that develop in noble metal nanostructures (Ag and Au) [1, 2] , in the visible and nearinfrared, amounts of applications, including surface-enhanced Raman scattering (SERS), photothermal therapy, biosensing, hot carrier generation for photovoltaic conversion, and quantum information processing [8] [9] [10] [11] [12] [13] , have been demonstrated over the last decades. Since then, surface plasmon resonances have been achieved with "alternative" plasmonic materials, for example, other metals (Al, Pt, and Pd) [14, 15] , transparent conductive oxides [16] , metal nitrides [17] , doped semiconductors [16] , and graphene [18] . Such materials display a plasmonic response in different spectral regions, as dictated by their free charge carrier density N. Note that plasmonic resonances can be excited when the complex dielectric function of the material (ε � ε 1 + iε 2 ) shows suitable values, especially having a negative real part (ε 1 < 0) is required. Note also that such conditions can be fulfilled without the need of free-carrier excitation, for instance at the high energy side of the strong interband transitions of some p-block elements, allowing the so-called "interband plasmonic" resonances [19] .
Bismuth (Bi), as a fantastic p-block semimetal with highly anisotropic Fermi surface, small effective electron mass, low carrier density, and long carrier mean-free path [20] [21] [22] [23] , is conventionally deemed as a sound candidate to observe and investigate quantum confinement and finitesize effects, enhanced magnetoresistance, and thermoelectricity [21, 22, 24, 25] . In contrast to the very strong interest in the electrical properties of bismuth, its optical response has been less studied over the past. Few works reported the optical properties of bulk Bi and Bi thin films and even less for Bi nanostructures (or "nanobismuth"). Very recently, Bi has become increasingly attractive mostly due to the potential of its nanostructures to support optical resonances in the ultraviolet (UV), visible (Vis), and near-infrared (near-IR) regions. It has been proposed that such resonances have an "interband plasmonic" origin. Besides, a "traditional" free-carrier-based plasmonic response is expected in the far-IR to terahertz (THz), and dielectric Mie resonances have been recently predicted in the mid-IR to far-IR region. Moreover, along with the theoretical and experimental studies on the optical response of Bi nanostructures, their potential for emerging applications, such as switchable metamaterials or photocatalysis [7, 26] , are also being explored. In this review paper, we summarize the advances in the field of the optical and plasmonic properties of Bi nanostructures over the last years. After a synthetic presentation of the optoelectronic properties of bulk Bi, we review the progress in the fabrication of Bi nanostructures, in the theoretical calculations and experimental observations of their optical and plasmonic responses, and the works about the related emerging applications. Such a review will help to assess the potential of nanobismuth as a new material for plasmonics and nanophotonics with ultrabroad spectral response from the UV to THz region.
Optoelectronic Properties of Bulk Bismuth

Electronic Band Structure.
Bi is a semimetal with unique physical properties, including long charge carrier mean-free path (∼1 micron at room temperature) [27] , huge magnetoresistance [24] , or quantum confinement effects in nanostructures with dimensions of tens of nanometers [28] . Such peculiar features originate from the peculiar electronic band structure of the rhombohedral Bi, which presents a highly anisotropic Brillouin zone [29] . Such an anisotropy is exemplified in Figure 1 (a) [29] , which illustrates the existence of different carrier pockets depending on the spatial direction. Near the T-point of the Brillouin zone, Bi has one hole pocket (hole Fermi surface (FS), aligned ellipsoidically with the trigonal axis z). Near the three equivalent L-points, there are three identical electron pockets (electron FS ellipsoids arrayed symmetrically around the hole FS with a small tilted angle (∼6.5°) out of the plane defined by the bisectrix and binary axes). ese three equivalent L-points have both conduction and valence bands, separated by a small bandgap of 36 meV at room temperature (Figure 1(b) ) [30, 31] . e Fermi level is located in the conduction band at the L-point and in the valence band at the T-point: this produces semimetallic characteristics where electrons and holes coexist, as shown in Figure 1 (b). As a consequence of this semimetal character, Bi presents a very low free-carrier density (N Bi , in the range from 10 18 to 10 19 cm
−3
). Beyond this semimetallic character that arises from the electronic band structure near the Fermi level, it is worth mentioning that Bi has a rich variety of lower-lying energy bands as demonstrated in the band diagram of bismuth (Figure 1(c) ), which have been predicted early theoretically [32, 33] and probed by photoelectron or optical spectroscopy. As we will see below, electronic transitions from lowerlying energy bands can be probed optically in the UV, Vis, and IR regions, whereas the free charge carriers involved in the semimetallic conduction of Bi can be probed only with far-IR and THz light. Indeed, optical absorption by the free charge carriers of Bi becomes relevant in the far-IR-THz regions, owing to their low plasma energy E p,Bi � h√(N Bi e 2 /4π 2 mε 0 ) ≈ 0.05 eV that results from the very small value of N Bi .
2.2.
e Optical Dielectric Function of Bulk Bismuth. Although Bi is an interesting element with a rich electronic band structure that impacts its optical response, as discussed in Section 2.1, the optical properties of Bi have been less explored than the electronic ones [24, 28, 29] . Especially, the optical dielectric function ε � ε 1 + iε 2 of bulk Bi was reported early by several authors, but in limited spectral regions, and shows a broad dispersion (related mostly with a limited sample quality) as seen in Figure 2 . It is only recently that works providing a refined optical characterization of Bi crystals and films were reported [33] [34] [35] . Especially, a systematic spectroscopic ellipsometry characterization from the far-IR to the UV was performed on high quality Bi films to provide an artefact-free and Kramers-Kronig consistent dielectric function of the Bi material [19] . In this work, only the dielectric function standing for the in-plane response of the films (i.e., perpendicular to the trigonal axis) was determined. Yet, although the dielectric function of Bi crystals along the trigonal axis has been probed early in the near-to mid-IR showing no marked optical anisotropy in this region, it remains to be measured accurately in a broader spectral region (discussion and related references in [35] ).
From the dielectric function shown in Figure 2 , it is seen that ε 1 < 0 in the UV, visible, and near-IR regions, thus allowing a plasmonic response in this region. It has been shown in [35] that such negative ε 1 originates from the strong interband transitions peaking at 0.8 eV, whereas the negative ε 1 in the far-IR and THz originates from the freecarrier contribution. In sum, Bi nanostructures have the potential to display plasmonic effects in two spectral regions: (i) in the far-IR and THz due to the collective excitation of free carriers and (ii) in the UV-Vis-near-IR regions where, unlike the conventional plasmonic resonances of noble metals driven by the collective excitation of free electrons, the resonances in Bi nanostructures would be totally induced by interband transitions and called "interband plasmonic" resonances [19] . Furthermore, in between these two plasmonic regions, ε 1 takes very high positive values, thus making Bi an interesting candidate for supporting dielectric Mie resonances in nanostructures at mid-and far-infrared wavelengths.
The Growth of Nanobismuth
Amounts of Bi nanostructures have been successfully prepared: 0D nanostructures (including nanoparticles, nanospheres, and nanocubes), 1D nanostructures (including nanowires, nanorods, and nanotubes), and 2D nanostructures (including nanoplates, nanosheets, and thin or ultrathin films), with continuously improved crystalline quality . e size of these structures covers the range from a few atoms to few microns, which has allowed a wide suitability for studies in various fields including quantum transport, thermoelectricity, topological insulators, giant magnetoresistance, and superconductivity [24, [59] [60] [61] [62] . Such size control is also especially relevant for the fields of plasmonics and nanophotonics, where the working wavelength of the system is closely related to the dimension of the nanostructures. e wide size range of the existing Bi nanostructures would thus provide abundant building blocks to construct optical systems suitable for different wavelength ranges from the UV region to the far-IR and THz regions [34, 35, [63] [64] [65] .
As the precondition of the studies to the properties of nanobismuth, its fabrication methods were explored intensively over the past few years. ey can be divided into two groups: one is template based, where selected matrices are used to prepare the Bi nanostructures [60, [66] [67] [68] [69] [70] , and the other is template free. In the latter case, many techniques are used. Stress effects are quite useful for fabricating the Bi nanowires [27, 71] . Physical vapor deposition (PVD, mainly RF sputtering and thermal evaporation) has demonstrated its potential for the mass production of Bi nanowires and nanorods, as well as tilted Bi nanocolumns [39, 40, 42] . Solution-phase synthesis allows fabrication of Bi nanostructures with a wide control in their shape, either for 0D, 1D, and 2D nanostructures [24, 45-48, 54, 58, 72, 73] . Laserinduced approaches have been successfully used to produce Bi thin films, nanorods, and nanoparticles [34, 35, 43, 51, 63] . Molecular beam epitaxy (MBE), electron-beam lithography (EBL), electron-beam irradiation, electromigration (EM), and plasma force have also been used [53, 57, 62, 74] . In the following, these methods will be discussed one after another.
Template-Based Method.
Template-based methods used for growing Bi nanostructures rely mostly on the use of anodized aluminium oxide (AAO) templates, which serve as the host material with a uniform porous structure, as shown in Figure 3 (a) [75] . By tuning the anodization parameters, the pore diameter and packing density of AAO can be well controlled [67, 75] . In such AAO templates, arrays of Bi nanowires were grown by filling the pores by pressurized injection of liquid Bi (the liquid-phase method), by Journal of Nanotechnologyelectrochemical deposition, or by vapor-phase deposition, as shown in Figures 3(b) -3(e) [60, 67, 68] . Using pressurized injection, most Bi nanowires could be single crystalline along the [202] direction in the hexagonal lattice with a broad diameter tunability range (12-109 nm), but they experience high stress [75] . If using the electrochemical or vapor-phase deposition methods, the nanowire diameter could be further reduced to 7 nm [20] . Moreover, upon rational choice of the parameters for electrochemical deposition, Bi nanotubes can also be prepared (Figure 3(f) ) [76] . e main drawbacks of the AAO template methods are the small aspect ratio and surface irregularities of the fabricated nanowires or nanotubes. Moreover, due to the difficulty in removing the AAO and subsequently extracting individual nanowires or nanotubes [76] [77] [78] , the characterization of samples based on the AAO templates provided mostly ensemble measurements over the whole array. Also, in these cases, the influence of the AAO on the macroscopic properties of the sample is hard to be subtracted.
Unlike the AAO template method, the Ulitovsky method can be used to obtain individual nanowires [68, 70] . It involves a two-step process. Firstly, Bi is inserted in a borosilicate glass capsule where it is heated by a high-frequency induction coil. Secondly, the softened capsule as well as the molten Bi within (note that the melting temperature of bulk Bi is only 271°C) is drawn out by spooling. is method can produce ultralong single-crystalline Bi nanowires along [111] direction in a conventional hexagonal lattice system with diameter down to 55 nm, as shown in Figure 4 (a) [70] . Moreover, the surface oxidization to the nanowires can be avoided since in this process the molten Bi is not air-exposed [41] . e optical transparency of the glass is interesting for nanophotonics or plasmonics studies.
Quartz can also serve as a template, upon digging holes using optical fibers, following a method comparable with that applied in the manufacture of hollow-core photonic crystal fibers [79] . Hence, similarly with the pressurized injection process that is used with AAO templates [75] , the molten Bi can be injected into the holes of the quartz templates where the Bi nanowires form (Figure 4(b) ) [80] . Although the quartz template method has several benefits, such as achievable nanowire lengths comparable with the Broadband dielectric function (ε � ε 1 + iε 2 , black) of bulk Bi together with literature data, showing their broad dispersion. e origin of these data and the reasons behind their dispersion (mostly in relation with the sample quality) are discussed in [34, 35] . Reprinted with permission from American Chemical Society.
Ulitovsky method [68, 70] , negligible contamination, and smaller optical loss of quartz in comparison with borosilicate glasses, the hole and accordingly the diameter of the nanowires (∼100 nm) seems yet too large to achieve optimal performance in some applications such as those requiring optical resonances in the UV region [7] . and Bi-Co [82] , the compressive stresses could force the Bi to squeeze out and form nanowires. Utilizing the difference between the thermal expansion coefficients of the Bi thin film and a substrate or cap layer [27, 83] , the compressive stresses can be also introduced by heating close to the melting temperature of Bi, and accordingly the Bi nanowires grow to release the induced thermal stress (Figures 5 (a) and 5(b)). Such stress-induced method is named as OFF-ON (on film formation of nanowires) and has been extended to other systems [27, 84] . In this method, the nanowire length and diameter can be controlled, respectively, via the heating time and the grain size of the Bi thin film deposited, for instance, on a thermal-oxidized silicon wafer (diameters between 21 nm and 10 μm and lengths up to several millimeters) [27] . e nanowires present a rather random orientation on the substrate ( Figure 5(b) ), but their growth occurs with a major crystal orientation in the [100] direction ( Figure 5 (c)) [27] . As a template-free method, the obtained Bi nanowires are free of the contaminations from chemical solutions or templates. However, because such nanowires do not present any initial passivation layer over the surface, further oxidation could generate during the fabrication or characterization (e.g., Raman spectra measurement) [85, 86] .
PVD Growth of Bi Nanowires.
Recently, it was found that vapor-deposition of Bi in specific conditions enables the spontaneous growth of nanowires [38, 41, 87, 88] . e attraction toward the PVD growth of Bi nanowires is that it can more readily produce structures that have a high degree of perfection in terms of crystallinity and regularity of the surface [38, 41, 87, 88] . Moreover, this method allows achieving a scalable nanowire growth and particularly dense wire populations [41, 87] . A higher conversion yield (>70%) from the deposited material to nanowires is also possible compared with the few-percent conversion of the stressinduced method [39] . Table 1 gathers selected cases for the PVD-growth of Bi nanowires reported in recent years: the processing temperature is relatively low (RT-200°C), the wire diameter ranges from 50 nm to 1 μm, and the length could reach tens of microns. Although the growth mechanisms of the Bi nanowires are under intense debate [86] , generally, they can be catalogued into two main kinds: tip growth and root growth [39, 86] .
In most reports about the PVD growth of Bi nanowires, the tip-growth mode (as shown in Figure 6 (a)) seems to dominate. e growth starts from specific nuclei that form on the (initially) deposited bismuth film (step i to step ii), which might be screw dislocations, whiskers, hillocks, and grains [38, 86, 88] .
ese nuclei are related with lattice planes for preferential growth, which could be (110), (111), or (012) facet [41, 86] . Afterwards, the incoming Bi atoms would continuously migrate to preferential facets (step ii to step iii), resulting in the nanowire formation along the preferential direction with the growth front at its tip as shown in Figure 6 (b). e wires with [110] or [012] orientation was found in the tip-growth cases [38, 40, 42] . e deposition rate has to be relatively low to provide a long adatom diffusion time [42] , and accordingly, the growth of the nanowires is slow (typically it takes ten minutes to grow a ∼10 μm nanowire) [38, 86, 88] . Moreover, high-rate diffusion of Bi adatoms is necessary for their long-distance motion to the tip. erefore, sufficient kinetic energy and substrate heating are usually required [88] . Of course, if the deposition rate is low enough, the 1D growth is still possible at room temperature and even by deposition with thermal evaporation, despite the formed nanowires being rather short (i.e., the growth becomes very slow) [42] . Additionally, it is noteworthy that, in the tip-growth mode, as the deposition time is long enough, the nanowire growth stops when a certain nanowire length is reached because the diffusing atoms are too far away from the tip to reach it [86] . For the root-growth mode, the extrusion of Bi on porous vanadium is a representative example [39] . In this case, first, Bi is deposited on a columnar vanadium thin film into which it infiltrates (Figures 7(a) and 7(b)). Due to the low wetting of vanadium with Bi, Bi exodiffuses from the pores and agglomerates at the surface to form a nucleation center ( Figure 7 (c)). Later in the deposition, incoming Bi atoms diffuse toward the nucleation centers where nanowires grow along the [012] direction with the growth front at their root (Figure 7(d) ) [39] . Figure 7 (e) shows the cross-sectional transmission electron microscopy (TEM) image of a Bi nanowire on the vanadium film as well as the energy dispersive X-ray spectra (EDX) mapping near the nanowirevanadium film interface. Probably because a timeconsuming adatom surface diffusion to the tip is not needed in the root-growth mode, the wire-growth speed (typically, it takes just few minutes to grow to ∼10 μm length) seems faster than the tip growth [39] . Such a mechanism may also take effect in the quick nanowire growth along the [110] direction during the high-rate deposition of Bi on glass [87] , where the initially deposited Bi atoms form nanoparticles which might play a role very similar to that of the agglomerated domains on columnar vanadium thin film [39] . However, without the excess surface energy provided by a columnar morphology to enable the highly directional and ballistic motion of the incoming Bi, a high deposition rate is needed to supply plenitudinous Bi timely for (fast) root growth [87] . , and different lattice orientations were observed. However, due to the potential contamination from the solvent, dispersant, or surfactant, the crystalline quality of the products is poorer than that obtained following the stress-induced or PVD growth methods.
Laser-Assisted Processing.
Bismuth nanostructures can also be prepared by laser-assisted methods. Basically, using these methods, a laser beam is used to vaporize or ablate Bi from a target, and then the products are collected on a substrate or directly dispersed in a liquid as shown in Figures 9(a)-9(c). e process can be carried out in a vacuum chamber, as done for the pulsed laser deposition (PLD) of Bi thin films or Bi nanoparticles embedded in an Al 2 O 3 matrix [35, 63] . It can also be carried out using Ar gas as the matter-transport media, as done for the preparation of Bi nanoparticles by pulsed laser ablation (PLA) [37] . Using the Bi target containing 1% of Au catalyst, and using an Ar/H 2 mixed gas as matter-transport flow, a Bi nanorod growth was found to occur along the [012] direction [43] . Bi nanoparticle growth was also reported by ablation in liquids such as lubricant oils, where the obtained colloidal solution could be very suitable for tribological applications [51] . e crystalline quality of the products prepared by laser-assisted methods is moderate (Figures 9(d) and 9(e) ), but the shortcoming is their relative broad size-distribution and/or poor shape-control as shown in Figures 9(f) and 9(g) [51] .
Other Methods.
Other methods to prepare Bi nanostructures include EBL [74] , EM [61] , MBE [62, 92] , thermal decomposition [50] , electron-beam irradiation [53] , hydrothermal etching [46] , and plasma force [57] . e EBL method is suitable for well defining the position, the shape, and the dimension of the nanostructures but expensive and limited to small area samples. e EM method can yield [110] -oriented Bi nanowires, with a diameter that can be reduced by a precisely controlled current though the wire. Bi atoms deposited on graphite surface by MBE showed 1D growth driven by anisotropic corner crossing. Bi nanoparticles were also obtained by thermal decomposition of Bi granules or prepared in situ under electron-beam irradiation to sodium bismuthate. Bi nanospheres on a Si surface were prepared by using low energy plasma focusing, or hydrofluoric acid-free hydrothermal etching.
Optical and Plasmonic
Properties of Nanobismuth nanostructure much smaller than the wavelength of the incident light and with e2 weakly dependent on E, quasi-static plasmonic resonance with a dipolar character occurs at the photon energy where ε 1 (E) � −2ε m , with ε m being the realvalued dielectric function of the surrounding medium. is relation, also known as the Fröhlich condition, is fulfilled in the near UV for a Bi nanosphere in the usual embedding media such as SiO 2 or Al 2 O 3 and can be approached in the visible region upon increasing ε m [63] . For nonspherical Bi nanostructures, several quasi-static resonances are expected at different photon energies depending on the polarization of the incident light and on the nanostructure shape. For instance, in the case of spheroidal nanostructures, the Fröhlich condition
where L u is the shape-dependent depolarization factor of the nanostructure along the direction u (along the spheroidal revolution axis or perpendicular to it). According to this relation, Bi nanospheroids can display two dipolar resonances: one for light polarized along the revolution axis (longitudinal resonance), and one for light polarized perpendicular to it (transverse resonance). Upon decreasing (increasing) the height-to-diameter ratio (or aspect ratio) of the spheroid, the transverse resonance shifts toward smaller (higher) photon energies and the longitudinal resonance toward higher (smaller) photon energies. is makes possible to bring one of the resonances deeper in the UV region than that of a Bi nanosphere and to drive the other across the visible toward the near-IR. is behaviour is thus comparable to that of localized plasmon resonances in noble metal (Ag and Au) nanostructures, however with a different origin. Instead of involving a collective oscillation of free carriers, they stand on the excitation of interband transitions that make the ε 1 of Bi turn negative in the UV-Vis-near-IR regions. erefore, the term of "interband plasmonic" resonances has been proposed [35] .
With the aim of addressing more quantitatively the features of such resonances than with the simplified picture of the quasi-static limit, several works have reported the use of analytical or numerical methods to compute the optical response of Bi nanostructures with sizes smaller or comparable with the wavelength of the incident light. Finite element method (FEM) [7] , Mie [35, 54] , and finite difference time domain (FDTD) [93] calculations have been used to simulate the optical cross sections of Bi nanospheres and their near-field enhancement for diameters up to a few hundreds of nm. e modified long wavelength approximation (MLWA) has been used to simulate the transverse optical cross sections of flattened Bi nanospheroids with diameter up to a few hundreds of nm [63] . FDTD calculations have been done to predict the transverse and longitudinal optical cross sections of Bi nanorods with lengths up to a few hundreds of nm and their near-field enhancement [64] . Maxwell's equations solving with the volume integral equation FFT method have been used to compute the optical extinction cross section of Bi nanospheres and nanoprisms and their near-field enhancement [94] .
From these works, several predictions can be underlined:
(i) Upon increasing the diameter of a Bi nanosphere from a few nm to a few hundreds of nm, its extinction spectrum passes from being dominated by a single dipolar resonance that shifts from the UV to the visible region, to becoming a superposition of multiple order resonances spanning over the far UV-visiblenear-IR region and showing no clear maximum in the visible [7, 93] , as exemplified in Figure 10 (a). (ii) e dipolar resonance dominates the extinction spectrum of a Bi nanosphere while its diameter is lower than 100 nm. In these conditions, the resonance peaks in the UV or violet region (for a usual ε m ), where the extinction efficiency reaches values near 5 with a marked contribution of absorption ( Figure 10(a) ). Such value is comparable with those found in the visible region for several metals and higher than those of Ag and Au nanostructures in the UV region [7, 93] . (iii) For a Bi nanosphere of any diameter, the dipolar and higher order resonances have a small quality factor (i.e., a broad spectral width) and induce a very small near-field enhancement (Figure 10(b) ), due to the significant ε 2 values of Bi in the whole UV-Visnear-IR region [63, 93] . (iv) e dipolar resonances of Bi nanorods or nanocylinders can be tuned across the UV to near-IR For an aspect ratio <1 (>1), the transverse (longitudinal) resonance occurs in the UV-to-near-IR regions.
region, with the corresponding extinction cross section remaining near 5, by controlling the nanostructure aspect ratio [63, 64] (Figure 10(c) ).
From such results, it is evident that Bi nanostructures are interesting candidates for applications that require a strong absorption of light tunable in a broad spectral range from the UV to the near-IR region, such tuning being expected upon proper design. However, they are not suitable if high nearfield enhancements or resonances with large quality factor are needed.
Experimental Observations.
ere is an increasing number of works reporting measurements of the UV-Visnear-IR optical spectra of Bi nanostructures. e analysis of such reports provides valuable information for assessing the validity of the theoretical trends described above.
e earliest well-documented experimental work about the optical response of Bi nanostructures in the UV-Vis-near-IR was focused on solution processed Bi nanospheres diluted in water, with a diameter of D < 10 nm [95] .
ese nanospheres showed an absorption band in the mid-UV that was attributed to a plasmon resonance. More recent works reported the absorbance spectra of Bi nanospheres with a broader range of diameters: D < 10 nm, polydisperse Bi nanospheres with a low volume fraction in a glass matrix fabricated by melt quenching [96] ; D � 10 nm, nearly monodisperse solution-processed Bi nanospheres diluted in hexane [97] ; 10 nm < D < 80 nm, solution-processed polydisperse Bi nanospheres diluted in ethanol [54] ; D � 100 nm, vapor-deposited Bi nanospheres located with a low surface density at the mouths of an hexagonal-anodized TiO 2 honeycomb array [98] ; and 50 nm < D < 1 μm, nearly monodisperse surface-oxidized solution-processed Bi nanospheres as a dried powder [99] .
A trend seems to emerge from these works, as seen in Figure 11 (a).
e absorbance spectrum of the nanostructures with D ≤ 10 nm is dominated by a band peaking in the UV region. at of the polydisperse nanostructures with 10 nm < D < 100 nm consists of a broad band spanning in the visible region from blue to red photon energies. at of the biggest surface-oxidized Bi nanospheres spans over the whole visible region with no clear maximum. ese trends are in qualitative agreement with the theoretical ones described above-point (i)-that predicted a shift of the dipolar interband plasmonic resonance from the UV to the visible region upon increasing D, followed by the onset of higher order resonances that yield a featureless extinction spectrum across the visible region.
Other works reported the UV-Vis-near-IR absorbance spectra of Bi nanostructures with nonspherical shapes, showing trends in agreement with theoretical predictions-point (iv) above. e absorbance spectra of coalesced Bi nanostructures in an Al 2 O 3 medium was shown to include absorption bands characteristic of longitudinal and transverse resonances, the former being dominant and shifting from the near UV to the near-infrared as the nanostructure shape becomes more anisotropic, as seen in Figure 11 (b) [63] . Pulsed laser-vaporized Bi nanorods in chloroform, with an aspect ratio of 20, displayed an absorption band in the near UV, attributed to a transverse plasmon resonance [100] . e spectral region of the measurement did not reach the photon energies where the longitudinal mode is expected for such aspect ratio.
Besides, the absorbance spectra of hybrid structures consisting of Bi nanostructures grown on dielectric nano-or microstructures (platelets, wires, and particles) have been reported in many works. In such structures, the Bi-related absorption peaks in the UV region for small Bi coverages and gradually extends to the whole UV region as the Bi coverage increases, as seen in Figure 11 (c) [101] [102] [103] [104] [105] [106] . is trend could be ascribed to the increasing size and degree of percolation of the Bi nanostructures as their coverage increases.
Quantum Confinement.
Many of the trends observed experimentally for the UV-Vis-near-IR optical response of Bi nanostructures can be qualitatively accounted for by classical modeling. With such modeling, the dielectric function of the nanostructures is assumed to be the same as that of bulk Bi. However, several works have also proposed that quantum confinement effects in Bi nanostructures can modify their dielectric function compared with the bulk. Such modification could affect their optical properties in the UV-Vis-near-IR region.
When the size of a nanostructure becomes small enough (typically, smaller than the free charge carrier mean-free path in conductors, or exciton Bohr radius in excitonic semiconductors), its electronic structure (and thus its dielectric function) can depart from that of the corresponding bulk material and depend on the nanostructure size. In Bi nanostructures, it was proposed that such confinement effects can trigger a semimetal to semiconductor transition, which was reported first in thin films at a critical thickness near 30 nm [107] . e confined semiconducting Bi presents a bandgap that widens upon decreasing the nanostructure size. It was proposed that such bandgap widening can be strong enough so that the bandgap energy E g reaches the UV-Vis-near-IR region (E g > 0.8 eV) [108] . Such mechanism was used to interpret the blueshift in the optical absorption onset across the near-IR and visible regions for nanoparticles with truncated spheroidal shapes grown by sputtering deposition on transparent substrates, upon varying their size from a few tens of nm to a few nm [108] . In this work, the nanoparticle size was varied by tuning the amount of deposited Bi through the deposition time. By such method, it is worth noting that the shape and coverage of the nanoparticles vary together with their size. e same mechanism was also used to explain the near-IR absorption onset observed for D � 3 nm Bi nanospheres [109] , and not for a bismuth powder. e existence of a bandgap widening due to confinement in Bi nanostructures was also discussed from the observation of their EELS spectra in the spectral region of their volume plasmons [52, 110, 111] . Especially, if the picture of "interband plasmonic" resonances predicted by classical models seems to support qualitatively many experimental results, the existence of quantum confinement effects impacting the UV-Vis-near-IR regions also has to be considered. In this context, it will be interesting to focus on Bi nanostructures with a better controlled size, morphology, and environment than in the already reported works, in order to get a better understanding of their UV-Vis-near-IR optical properties. Such a task seems feasible taking into account the broad range of available methods (described in Section 3) for synthesizing Bi nanostructures with controlled size and shape.
IR to THz Region
Quantum Confinement and Surface
States. e optical properties of Bi nanostructures in the IR to THz region were studied in the early 2000s in order to probe quantum confinement effects in this spectral region. Especially, the optical absorbance spectra of Bi nanowires in the mid-IR appeared very different from that of thick Bi films. is difference was attributed to confinement-induced changes in the mid-IR dielectric function of Bi [68, 112, 113] . In [68, 112] , the characterization was performed on assemblies of nanowires that were initially grown inside the pores of nanoporous alumina templates. By such means, a small polydispersity was ensured for the nanowire dimensions. e authors used effective medium modeling to determine the dielectric function of the nanowires from the macroscopic measurement [68] . In [113] , the measurements were done on a single nanowire deposited on a substrate, thus providing more direct information on its optical response.
Note that the dielectric function of a nanostructure reflects its effective response, which includes the contributions from its surface and volume. However, the electronic properties of these two regions can be significantly different in the case of Bi that may present metallic surface states, whereas the bulk has a semimetal character. erefore, a more realistic description of the electronic and optical properties of a Bi nanostructure with high surface-to-volume ratio may require defining two dielectric functions: one for its surface and one for its volume. Considering such approach may become especially meaningful in the THz region for Bi nanostructures with a high surface-to-volume ratio, as suggested in [33] for ultrathin Bi films. In this work, a Drude analysis of THz transmittance spectra revealed a marked increase in the average free-carrier density (up to 10 19 cm
) upon decreasing the film thickness below 10 nm. Such increase was attributed to the increasing contribution of metallic surface states to the film response. at points at the need of evaluating the role of surface states (that depend on the Bi facet exposed at the nanostructure surface) to interpret the optical response of Bi nanostructures with high surface-to-volume ratio, at least in the THz and IR regions, while their role in the UV-Vis regions seems less likely [109] .
Infrared Plasmonics.
More recently, there has been new interest in exploring the optical properties of Bi nanostructures in the IR to THz region, especially because of their potential for supporting plasmonic effects in the far-IR. In this spectral region, the ε 1 of Bi becomes negative (Figure 1 ) due to the contribution of free carriers. In this context, resonances were predicted and observed in the long-wave IR on Bi microgratings fabricated by evaporation of Bi on photoresist ridges designed by photolithography. e resonances were attributed to plasmonic modes [114, 115] . Far-IR resonances were also predicted theoretically in superlattices made of Bi layers and polaritonic materials [116] , which could be fabricated by physical deposition techniques.
Mid-to Far-IR Dielectric Mie
Resonances. Due to the high positive ε 1 (and thus high refractive index n) of bulk Bi in the mid-to far-IR, it can be expected that Bi nanostructures with dimensions of several hundreds of nm support dielectric Mie resonances in this region. Such resonances result from optical interference inside transparent or weakly absorbing nanostructures and thus, their wavelengths depend on the refractive index of these nanostructures.
e higher the n, the shorter the resonance wavelength for a given nanostructure size. Since n reaches values near 10 for Bi in the mid-to far-IR, such resonances (that are based on optical interferences within the nanostructure) can be achieved for nanostructure sizes 10 times smaller than the wavelength of the incident light [19] . is is a quite remarkable fact, compared with usual dielectric nanostructures (based on oxides, Si, or Ge) that need to be designed with their size approaching the wavelength of the incident light to present a Mie resonance.
Partial Conclusions.
e optical properties of Bi in the IR and THz regions are appealing for the development of nanostructures with resonant properties in these regions. However, this field remains to be explored, as there are quite few experimental demonstrations of such resonant effects.
Emerging Applications of Nanobismuth
Early, Bi nanostructures were considered as interesting candidates for applications to fields such as thermoelectricity or magnetism. More recently, the special optical and electronic properties of Bi have appealed to applications in new fields, such as photocatalysis, switchable plasmonic metamaterials, optoelectronics, or biology.
Photocatalysis.
e most active research field focused on the applications of Bi nanostructures is certainly that of Bibased photocatalysis, with hundreds of reports published in a few years. e interest in this field is based in particular on the low cost and low toxicity of Bi, which has been named "green metal" by some authors. Table 2 presents a selection of references where the photocatalytic properties of Bi-based materials were studied and specifies the chemical reactions that were considered. e pioneering works on this topic [26, 54] demonstrated that Bi nanostructures can act as direct photocatalysts [26, 54, 117] (Figure 12(a) ). In [26] , solution-processed Bi nanoparticles diluted in water were used as the catalyst for nitric oxide (NO) removal. e solution in a dish was placed in a continuous flow reactor where air was introduced at a controlled flow rate and with a controlled concentration of NO at the sub-ppm level. UV light was shined with a filtered lamp on the catalyst, and the NO concentration was tracked by chemiluminescence. In these experimental conditions, NO removal ratios near 50% were reported for illumination times ranging from 10 to 300 minutes. In [54] , solution-processed Bi nanospheres were used as the catalyst for the degradation of rhodamine B (RhB). e nanospheres were diluted in an aqueous RhB solution in a closed recipient. Visible light was shined on the solution with a lamp, and the RhB concentration was probed by monitoring the RhB absorption bands with a UV-visible spectrophotometer. In the reported experimental conditions, the presence of the Bi nanospheres was shown to enable an almost total RhB degradation after 10 hours, compared with only 10% degradation in a reference experiment without Bi nanospheres. To interpret such results, it is proposed that Bi nanostructures absorb efficiently the incident light and convert it into photocarriers that migrate to the nanostructure surface, where they can ease the formation of intermediates accelerating chemical reactions.
e plasmonic resonances of Bi nanostructures certainly play a key role in this process because they enable a large optical absorption efficiency that is required for the efficient generation of photocarriers. Because such resonances can be tuned from the UV to the near-IR region by controlling the nanostructure size, shape, and environment, efficient photocarrier generation can be achieved in this spectral range.
is has enabled Bi nanostructures to present a marked photocatalytic response under UV and also visible light. In this aspect, they are superior to other usual photocatalysts that operate mostly under UV light where their bandgap absorption occurs. One important point that was underlined [54] is that the potential of the photogenerated electrons (holes) must be low (high) enough so that they can efficiently trigger the chemical reaction of interest; this potential is defined by the photon energy of the incident photons. Furthermore, it was observed that a Bi 2 O 3 shell at the surface of the nanostructures [99] can improve the photocarrier availability for chemical reactions if it is thin enough.
e hybridization of Bi nanostructures with graphene [116] was also shown to improve such availability, the Bi-Bi 2 O 3 -graphene interface acting as a shuttle for photocarriers (Figure 12(b) ).
Bi nanostructures have also been used as cocatalysts in hybrid materials, where they are in contact with larger semiconductor nanostructures. In most of the cases, NO removal was targeted, although the photocatalysis mechanism proposed to interpret the experimental results varied from one work to another (together with the nature and structure of the hybrid material), and some features highlighted in these reports can be mentioned here.
(i) Bi nanostructures allow enhanced photocatalytic capabilities in the visible region due to their strong achievable optical absorption efficiency [99, 118] . (ii) Bi nanostructures can scatter the incident light inside the semiconductor material, thus increasing the optical absorption efficiency and photocarrier generation in this material [102, [104] [105] [106] [119] [120] [121] [122] . (iii) Depending on the electronic configuration of the hybrid (including potential of the photocarriers in the Bi nanostructure, location of the conduction, and valence band of the semiconductor), photocarriers, especially electrons, can flow from the Bi nanostructure to the semiconductor [94, 98, 103, 104, [119] [120] [121] [122] [123] or the opposite [105, 106, 124, 125] . erefore, according to different reports, Bi nanostructures can act as an electron donor (the electrons being made available for reactions at the surface of the semiconductor, Figure 12(c) ) or as electron acceptor (the electrons provided by the semiconductor reacting at their surface, Figure 12(d) ).
Note that, although the reported works present detailed information about the structure of the studied materials, including crystallographic data of the Bi nanostructures (including high-resolution electron microscope and X-ray diffraction characterization), there has been no thorough investigation of the role of the exposed Bi crystal facets on their nanostructure catalytic properties. Because of the anisotropic electronic properties of Bi, this might be an interesting point to consider in further studies. 16 Journal of Nanotechnology plasmonic metamaterials. Switchable metamaterials show optical properties that are tunable dynamically upon external excitation, for instance by applying a voltage, changing the temperature, and irradiating with pulsed or continuous optical beams. During the last years, there has been a special interest in building switchable metamaterials from plasmonic nanostructures. In such materials, the plasmon resonances are tuned dynamically, either by changing the dielectric properties of the nanostructures (e.g., by carrier injection or phase transition) or of their environment (e.g., by phase transition of the surrounding medium and reorganization or reorientation of the nanostructures in a matrix). is way, the absorption by the metamaterial and its complex Fresnel coefficients can be tuned in real time in a selected spectral region, thus allowing a control of the intensity, polarization, and phase of light at specific photon energies. Switchable plasmonic metamaterials were developed using different component materials to cover a broad spectral range, mostly from the visible to the THz region. However, fewer solutions were available in the UV region. Due to its capability to support plasmon resonances in the UV region and a solid-liquid phase transition that markedly modifies its dielectric function in this region, Bi has been used to fabricate nanomaterials with switchable absorption at UV photon energies [96] . In such materials, switching is enabled by the phase transition of Bi nanostructures embedded in a matrix. As the melting point of Bi is relatively low (270°C), the nanostructures can be molten and solidified many times reversibly while the matrix remains solid and acts as a mould that unables any change in the size and shape of the Bi nanostructures. Only their dielectric function changes at the phase transition. Such change induces a shift in the nanostructures plasmon resonance, which enables measurable changes in the nanomaterial's absorbance at specific photon energies. Upon suitable tuning of the nanostructure size and shape, a dynamic switching of the nanomaterials absorbance can be expected not only in the UV region (nanospheres with D < 100 nm) but also across the visible region (larger nanospheres and nanorods) [7] . Yet, optimized metamaterials fully exploiting the switching potential of Bi nanostructures remain to be designed and fabricated. Furthermore, the switching potential of Bi nanostructures remains to be explored in the IR region. Also, note that another way of achieving optical switching with Bi nanostructures has recently been demonstrated: it has been demonstrated with light on ultrathin Bi films (also called "bismuthene") [126] .
Switchable Plasmonic Metamaterials. Bi nanostructures have shown a potential as building blocks of switchable
Other Applications. Several other applications have been
proposed recently for Bi nanostructures. It has been proposed to use Bi thin films and nanorods as the active medium in photodetectors, based on their broadband absorption of light and excellent conduction properties involving surface states [127] [128] [129] . Despite their small nearfield enhancement, they allow enhancing Raman signals [130] . ey have been also used as low-toxicity contrast agents for medical tomography [131] and as nanoheaters for localized thermoradiotherapy [132] .
Conclusions and Perspectives
Bismuth has motivated and attracted the interest of scientists during the past decades due to its thermoelectric, quantum confinement, and magnetoresistive properties. Only recently, Bi is becoming appealing for the applications involving its peculiar optical properties. Especially, an increasing interest is paid to subwavelength Bi nanostructures (or "nanobismuth") that show a potential for supporting optical resonances in a broad spectral region and are appealing for applications in nanophotonics, plasmonics, and even metamaterial engineering. In this article, we have presented a comprehensive review of the recent advances on this field: improved characterization of the optical response of bulk Bi, growth of Bi nanostructures, theoretical calculations, and experimental observations of their optical and plasmonic behaviour from the UV to the THz regions, emerging applications. Bi nanostructures with a broad variety of sizes and shapes can be prepared with the following different existing fabrication methods:
(1) Template-based approaches, involving the liquidphase injection, electrochemical, or vapor-phase deposition of Bi into AAO templates to form arrays of Bi nanowires or nanotubes; the Ulitovsky method or quartz template method for the growth of individual Bi nanowires. (2) Template-free routes such as the stress-induced growth of nanowires and the direct PVD growth of Bi nanowire with tip-or root-driven modes. Further developments are needed for improving the quality of nanobismuth, especially for achieving nanostructures while controlling their size, shape and organization, and developing techniques for device fabrication.
Classical electrodynamic simulations predict that Bi nanostructures are able to support so-called "interband plasmonic" resonances in the UV-Vis-near-IR range with dipolar or higher order modes, depending on the nanostructure size. Moreover, upon rational design (proper choice of the nanostructure size and shape), the strong absorption produced by such resonances is expected with a broad spectral tunability from the UV region to the near-IR region. However, due to the relatively low quality factor of such resonances, nanobismuth is not a good candidate for applications requiring, for instance high near-field enhancements. Yet, while the reported experimental data on the UV-Vis-near-IR optical response of Bi nanostructure show some qualitative agreement with classical electrodynamic calculations, the possible role of quantum effects has to be examined in detail. At such aim, the characterization of Bi nanostructures with better controlled size, shape, and environment is necessary. Classical electrodynamic simulations and recent experiments let foresee interesting optical properties of Bi nanostructures in the IR to THz regions, including Mie resonances and "traditional" plasmon resonances based on free-charge carriers. However, so far, there are quite few experimental demonstrations of resonant effects in Bi nanostructures in the IR to THz region, and more investigations on this issue are needed.
e optical resonances of nanobismuth-mostly in the UV-visible-near-IR-are triggering applications in an increasing number of fields. e "interband plasmonic" resonances enable the excitation of photogenerated electron-hole pairs, and thus, Bi itself becomes a quite attractive candidate for the photocatalysis with high energy conversion performance under both UV and visible illumination. Also, the enhanced light absorption and scattering, as well as the flexibility to play either as electron donor or electron acceptor depending on the needs, make Bi nanostructures a sound choice as cocatalyst in Bi/semiconductor hybrid systems. Besides its potential for photocatalysis, nanobismuth is a promising solution for switchable plasmonic metamaterials in the UV region and beyond, and the switching potential in the visible and IR region remain to be explored. Recent report on optical switching of ultrathin Bi films (also called "bismuthene") opens the possibility to further expand the potential of Bi nanostructures to switchable optoelectronic components. Note that, in most of the works that we have discussed, the influence of the crystal facets exposed at the surface of the Bi nanostructures on their optoelectronic functionalities has not been thoroughly evaluated. Because of the structural and electronic anisotropy of Bi and its facet-dependent surface states, the nature of the exposed facets might affect either the optical response of Bi nanostructures with a high surface-to-volume ratio (where surface states play a significant role on the overall response) or their functionalities for applications in which surfaces are a key player (such as catalysis, surface-enhanced Raman spectroscopy, and charge transport).
In sum, the progresses on the fabrication of Bi nanostructures, the control and understanding of their optical response, and the emergence of alternative applications open new possibilities for nanobismuth beyond the already explored paths. More experimental observations are needed to explore the optical potential of nanobismuth over abroad spectral range (from the UV to the THz region). Further developments are also necessary to overcome the obstacles to achieve practical nanobismuth-based optical materials and devices.
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